Sources of error in the calculation of cardiac output by TD have been analyzed. 4-s In tricuspid insufficiency, the thermodilution technique has been assumed to be inaccurate, 2'5'6'8 with the Fick method being more reliable. The abnormal mixing of blood with injectate solution and indicator temperature loss to adjacent tissue secondary to bidirectional flow from the right ventricular cavity is the proposed cause of this inaccuracy. If surrounding tissue fails to release this cold injectate prier to completion of the thermodilution curve integration, indicator will not be detected by the pulmonary artery thermistor and cardiac output would be overestimated.
Thermodilution (TD) cardiac output measurement has become an established technique in critical care and in the operating room.~-3
Sources of error in the calculation of cardiac output by TD have been analyzed. 4-s In tricuspid insufficiency, the thermodilution technique has been assumed to be inaccurate, 2'5'6'8 with the Fick method being more reliable. The abnormal mixing of blood with injectate solution and indicator temperature loss to adjacent tissue secondary to bidirectional flow from the right ventricular cavity is the proposed cause of this inaccuracy. If surrounding tissue fails to release this cold injectate prier to completion of the thermodilution curve integration, indicator will not be detected by the pulmonary artery thermistor and cardiac output would be overestimated.
The purpose of this investigation was to assess thc accuracy of thermodilution cardiac output measurements in experimentally produced tricuspid regurgitation (TR) by comparison with measured pulmonary artery flow. The thermodilution curves were further analyzed independently to determine how a standard cardiac output computer (American Edwards) functions in this condition.
Methods
Four unpremcdicated mongrel dogs (weight 20-22.5 kg) were anaesthetized with intravenous pentobarbitone (30 rag. kg-J). After loss of consciousness, oral endotracheal intubation was performed. Anaesthesia was then maintained by intravenous pentobarbitone infusion (IIX) rag. h-t). Each animal was paralyzed with pancuronium, 5 mg intravenously, and mechanically ventilated (Bennett MA-I) with 100 per cent oxygen to maintain an arterial PCO2 of 35-40 mrnHg.
Aortic arterial pressure (BP) was measured by a 16 gauge cannula inserted via the femoral artery. Through the left femoral vein a #7 Fr pulmonary artery (flow directed) thermodilution catheter was positioned for moni toring of pulmonary artery pressure (PAP), wedge pressure (PCWP), as well as cardiac output. A left thoracotomy was then performed with dissection and placement Following the above procedures, a purse string suture was placed around the right atrial appendage and an atriotomy performed. A finger was inserted through the atrial appendage and the tricuspid valve was palpated. Two sutures of 0 silk were placed from the right ventricular side to incorporate the tricuspid leaflet and chordae tendinae; both ends of the suture then lying externally were snared with a tourniquet. Tricuspid incompetence with regurgitation could be produced by applying traction and tightening the tourniquet. At this point an atrial thrill was palpable (see Figures 1 and 2 for simultaneous tracings ofRA, FA, BP and PA flow).
A second pulmonary artery catheter, cut at the 30cm proximal port, was placed under direct vision through the atrial purse-string into the right atrium for both mensurement of atrial pressure (RAP) and injection of room temperature five per cent dextrose in water (D5W). Five millilitre aliquots of D5W, with the appropriate computation constant, were injected directly into the right atrium for determination of cardiac output, and the corresponding tbermodilution curves (American Edwards 9520A cardiac output) were recorded ( Figure 1 ). All cardiac output measurements were initiated during apnoea, at end expiration. This second catheter was used for injecting the indicator to ensure a correct injection site without altering catheter (injectate) volume.
Three baseline measurements of pulmonary artery pressure, pulmonary capillary wedge pressure, right atrial pressure, pulmonary artery flow, cardiac output and thermodilution curves were recorded on a Gould ES-1000 recorder at 5mm,sec-t paper speed (Figure 1) . The above parameters were again recorded after infusion of dobutarnine to increase cardiac output in this control state 100-150 per cent as measured by the PA flow probe.
Tricuspid regurgitation was subsequently produced and similar measurements taken in the normovolaemic and fluid loaded states (ten per cent dextran 40 in normal saline, 250-500ml). Cardiac output was increased for control measurements by dobutamine because of its brief duration and reversibility and the need to study the effects of TR at low as well as high outputs. After TR was produced, higher cardiac output and presumably regurgitant fraction could be produced by intmvascular volume expansion with dextran 40. After all measurements were recorded each animal was killed by IV injection of potassium chloride.
Analysis of the area under the thermodilution curves were determined using manual planimetry, with the average of three planimetry readings calculated for each curve. Two areas on each time-temperature curve were determined ( Figure 1 ): (1) the area (A) prior to the cut-off point utilized by the cardiac output computer which calculates, by extrapolation, the area under the curves; (2) the total area calculated manually from the thermodilution curve (represented in Figure 1 by A and B).
Data are reported as mean -SD. Differences between pre TR (control) and post TR values were analyzed using a two-way analysis of variance and Dunnett's multiple range test. When p < 0.05, the differences were considered significant. Linear regression was performed comparing simultaneous thermal dilution and PA flow measurements. Differences in slopes of linear regression were compared with the line of identity.
Results
Tightening the right ventricular sutures produced statistically significant reductions of pulmonary artery flow, (Table) . Mean right atrial pressures were elevated in the tricuspid regurgitation group, as compared to control, but statistical significance was only attained after dextran infusion. The right atrial 'v' waves observed in Figure 2 further confirm the presence of tricuspid valve incompetence; but, due to the nature of the technique, the degree of regurgitation varied between animals. A significant linear relationship was present when pulmonary artery flow, an independent measure of right ventncular cardiac output, was plotted against thermodilution calculated cardiac output (Figure 3) . Comparison of the lines of regression in control and tricuspid regurgitation groups (Figure 3 ) produced correlation coefficients of 0.98 and 0.85 respectively. The slopes of regression were 0.98 in the control state and 1.44 with TR. The difference in slopes between control and TR measurements was significant (p < 0.05). The slope of the line of regression for TR was significantly different from the line of identity (p < 0.05) (Figure 3 ), whereas that of the control group was not. 
Discussion
The measurement of blood flow by thermodilufion utilizes the Steward-Hamilton equation. 7 Modifications of the formula are required to correct for parameters affecting temperature. These adjustments include specific heat and specific gravity of both blood and injectate solution. As well, a correction factor for injectate warming (i.e., along the catheter) is also necessary. The modified equation is presented:
where CO V Tn, TI SB, S~ Ca, Ci A C K 60 = cardiac output, L. rain-l = volume of injectate = temperature of blood and injectate = specific gravity of blood and injeetate = specific heat of blood and injeetate = area under the curve = correction factor for warming of injectate = calibration constant, mm/~ C = sectmin
There are minimal differences in specific heat and specific gravity between normal saline and D5W: 1.10 vs 1.08 respectively. 7 The volume of injectate chosen for this study was 5 ml of DSW. "[njectate temperature (22-25 ~ C) and blood temperature remained constant during each measurement. The correction factor takes into consideration injection rate, heat change in transit, catheter dead space, and is calculated for each computer model by the manufacturer. Therefore, in our measurement of 0 during TR these variables were maintained constant, with the exception of area under the curve -which is computed from temperature change detected by the thermistor.
Experimental error in our TD measurements of Q was minimized in several ways. First, all injections and curves were initiated during apnoea at end-expiration since me- The presence of surgically produced TR was confirmed by several techniques. After tightening both sutures encircling the chordae tendinae, an atrial thrill was palpable. Right atrial tracings presented in Figures 1 and 2 show the large atrial 'v' waves associated with this condition. In the TR group mean right atrial pressure was elevated compared to eontrol, but nol to a statistically significant level; although there were associated statistically significant reductions of all other haemodynamie parameters measured (Table) . Tightening these sutures caused physical displacement of the tricuspid leaflets by pulling the chordae and leaflets. Therefore the reduction in Q (Table) was probably secondary to valvular incompetence. The degree of TR and (~ both increased after dextran infusion (Table) . Although TR was created with this technique, the degree of regurgitation could not be standardized or controlled.
A significant correlation (Figure 3 ) was present between PA flow and thermodilution cardiac output 16'17 in the range of outputs measured in this experiment. Therefore, previous assumptions regarding the assumed inae-curacy of the thermodilution technique with TR :'s,f8 may net be clinically valid especially in low output states. We observed (Figure 3 ) a greater discrepancy between PA flow and TD cardiac output at high Q states with TR. This error which has been assumed to be present 2'5'6's may have been caused by increased TR at the high cardiac output state generated by dextran volume loading. This would result in a prolongation of the indicator transit time in the right heart with an increase in indicator loss to the adjacent tissue. When higher Q is combined with severe TR the values obtained may be inaccurate to a greater degree, This would explain the siguificant deviation of our linear regression (Figure 3 ) from one in the presence of TR and dextran volume loading. It is important to note that in all cases of volume loading, regardless of the altered degree of regurgitation, the directional change of TD calculated Q was always co.cot.
Analysis was undertaken to determine the waveform alteration with TR and the area under the curve utilized in computing cardiac output. Our planimetry data ( Figure  1, 2) confirm the changes observed in previous clinical and experimental modes. 2,~.ls The waveform is splayed, both upstroke and downstroke being prolonged, combined with a reduction of peak amplitude.
This cardiac output computer incorporates the automatic termination of thermistor recordings at 30 per cent of the peak amplitude, m Clinical studies have shown that the area lost after termination (tail of TD curve) is equal to approximately 22 per cent (area B) of total area. To compensate, the computer software amplifies the input signal (area A) by this factor (I .22) to approximate the total area under the curve (area A + B, Figure 1 ). Planimetry measttrements of the TD curves indicated that this assumption held true for tricuspid incompetence (the areas in this experiment were raw curves and not subjected to an amplification factor). In the control group the percentage area lost as a result of this automatic termination was 29 ---3 per cent. This is 9 per cent above experimental studies and may account for the slight increase in TD cardiac output values relative to the Q measured with the flow probe. The lines of regression for control values and the line of identity ( Figure 3 ) were parallel and not significantly different, indicating that this factor was not producing large deviations in control TD values. Other possible explanations include the increased loss of area secondary to cutoff at 33 per cent of peak height or a slightly inaccurate amplification factor. Control values maintained a straight line relationship in the range studied; therefore this error in area calculation was constant for all measurements.
In summary, the key factor explaining the degree of accuracy in experimentally produced TR was the altered CANADIAN JOURNAL OF ANAESTHESIA TD waveform. Lowering the peak amplitude and slowing the downward trend of temperature change in TR caused a delay in the cutoff point with this computer, thus maintaining the accuracy of the calculated area under the curve. This serves to emphasize that the clinician must know how the TD curve is manipulated by the computer, if the effects of TR and other defects on the TD measurements are to be understood. In view of the small number of experimental animals (four) and our inability to quantify the degree of TR, these data need to be rcassessed in the clinical situation.
Under altered clinical conditions (e.g., increased pulmonary vascular resistance, or poor right ventricular contractility) the time-temperature waveform may be altered to a greater degree, with a corresponding reduced accuracy of TD calculated cardiac output. This is a major limitation in extrapolating our data to the clinical situation as our dogs had normal ventricular function and pulmonary vascular resistance (PVR 
